Background: Myelin-associated glycoprotein (MAG) mediates varicella-zoster virus (VZV) infection by associating with glycoprotein B (gB). Results: Analyses of glycans on VZV gB revealed that sialic acids (SAs) on gB are required for membrane fusion and infection against MAG-expressing cells. Conclusion: SA-containing glycans on gB are necessary for VZV membrane fusion. Significance: The role of SAs during VZV infection is elucidated.
Varicella-zoster virus (VZV) is a member of the human Herpesvirus family that causes varicella (chicken pox) and zoster (shingles). VZV latently infects sensory ganglia and is also responsible for encephalomyelitis. Myelin-associated glycoprotein (MAG), a member of the sialic acid (SA)-binding immunoglobulin-like lectin family, is mainly expressed in neural tissues. VZV glycoprotein B (gB) associates with MAG and mediates membrane fusion during VZV entry into host cells. The SA requirements of MAG when
associating with its ligands vary depending on the specific ligand, but it is unclear whether the SAs on gB are involved in the association with MAG. In this study, we found that SAs on gB are essential for the association with MAG as well as for membrane fusion during VZV infection. MAG with a point mutation in the SA-binding site did not bind to gB and did not mediate cell-cell fusion or VZV entry. Cell-cell fusion and VZV entry mediated by the gB-MAG interaction were blocked by sialidase treatment. N-glycosylation or O-glycosylation inhibitors also inhibited the fusion and entry mediated by gB-MAG interaction. Furthermore, gB with mutations in N-glycosylation sites, i.e. asparagine residues 557 and 686, did not associate with MAG, and the cell-cell fusion efficiency was low. Fusion between the viral envelope and cellular membrane is essential for host cell entry by herpesviruses. Therefore, these results suggest that SAs on gB play important roles in MAG-mediated VZV infection.
The human herpesvirus family comprises eight viruses, including herpes simplex virus (HSV) 3 and varicella-zoster virus (VZV). VZV causes varicella (chicken pox) in most children, zoster (shingles) in adults or immunocompromised hosts, as well as encephalomyelitis and cranial neuritis (1) (2) (3) . Latently infected VZV may be observed in the sensory ganglia, and it is reactivated in an immunocompromised state (4) . Therefore, it is important to elucidate the mechanism employed by VZV to infect nerve tissues. Membrane fusion between the viral envelope and cellular membrane is an essential process for enveloped viruses, such as herpesviruses (5, 6) , when entering host cells (7) (8) (9) . Therefore, elucidating the mechanism of membrane fusion is important for understanding the entry mechanism of enveloped viruses. Viral fusion proteins associate with membrane proteins on their host cells to induce membrane fusion in enveloped viruses. Viruses that belong to Herpesviridae typically require glycoprotein B (gB) and the gH-gL complex for membrane fusion. In the case of HSV, in addition to gB and the gH-gL complex, the association of HSV gD with nectin-1,2 and the herpesvirus entry mediator on host cells is essential for membrane fusion. On the other hand, VZV does not have gD, unlike HSV, and gB and the gH-gL complex are minimum components for VZV membrane fusion, as we have reported previously (10) .
In VZV, the cell surface receptors that mediate membrane fusion by associating with envelope proteins have been unclear for a long time. However, we demonstrated that myelin-associated glycoprotein (MAG) binds to VZV gB, where this interaction mediates membrane fusion during VZV infection (10) . MAG belongs to the sialic acid (SA)-binding Ig-like lectin (Siglec) family, and it is also known as Siglec-4. Most Siglecs are expressed on hematopoietic cells, but the expression of MAG is restricted to neural tissues. It has been suggested that Siglec family molecules recognize their ligands in an SA-dependent manner (11, 12) . However, it has been reported that MAG can associate with the Nogo-66 receptor (NgR) in an SA-independent manner (13) (14) (15) or an SA-dependent manner (16) . Although MAG also binds to the mouse paired immunoglobulin receptor B, human leukocyte Ig-like receptor B2 (LILRB2), and ␤1-integrin, it has remained unclear whether SAs are required for MAG binding to these ligands (17, 18) . In addition, MAG associates with fibronectin and some gangliosides, such as GD1a and GT1b, in an SA-dependent manner (19 -21) . These observations suggest that the requirement for SAs to allow MAG to associate with its ligands appears to differ depending on the nature of the ligands (22, 23) . Therefore, it is important to clarify whether SA is required for VZV infection mediated by the MAG-gB interaction.
It has been known that SAs on host cells are targets for various viruses to attach to the host cells during infection (24) . Particularly, some viruses, such as the influenza virus, use SAs as their entry receptors. On the other hand, most of the glycoproteins produced in mammalian cells are modified with SAs. Viruses utilize the host cell systems to synthesize their components, so viral envelope glycoproteins are also modified with SAs (24) . For example, the SAs on HSV envelope glycoproteins are involved in viral infection. Sialidase treatment of HSV decreasesitsinfectivity (25) .Furthermore,mutationsoftheO-glycosylation sites in HSV gB abrogate the interaction with paired immunoglobulin-like type 2 receptor ␣, one of the entry receptors for HSV (26) . VZV gB, the gE-gI complex, and the gH-gL complex are also sialylated (27) (28) (29) (30) (31) (32) . However, the specific SAs on VZV envelope proteins that are involved in membrane fusion and infection remain unclear. Therefore, it is important to clarify whether SAs are required for the MAG-gB interaction during membrane fusion and infection of VZV.
Cell-cell fusion assays are powerful virus-free models for examining the machinery that is essential for membrane fusion during viral entry because it is not necessary to consider the effects of other viral components (33) (34) (35) (36) (37) . Cell-cell fusion assays using gB, gH, gL, and MAG are the only systems available for assaying the function of VZV membrane fusion. In this study, we used these assays to investigate the roles of SAs on VZV gB during infection and performed viral infection experiments.
Experimental Procedures
Antibodies and Reagents-Mouse anti-VZV gB (clone SG2) and anti-MAG (clone 513) mAbs were purchased from Santa Cruz Biotechnology and Millipore, respectively. Tunicamycin (Wako, 0.10 g/ml), deoxynojirimycin (DNJ) (Wako, 2.0 mM), benzyl-␣-GalNac (Sigma, 5.0 mM), and neuraminidase (sialidase, Clostridium perfringens, Roche, 0.05 units/ml) were used in assay medium in this study.
Sialidase Treatment-The cell lysates used for Western blotting analysis and the cells utilized for analyzing the association with WT-MAG-Ig were treated with sialidase at 37°C for 10 and 30 min. VZV was treated for 10 min in the infection analysis and for 30 min in the VZV binding assay.
Treatment with Glycosylation Inhibitors-293T cells were cultured in medium containing tunicamycin, DNJ, or benzyl-␣-GalNac and then transfected with WT-gB or mock-transfected. 24 h after transfection, the cells were stained with WT-MAG-Ig or anti-gB mAb (SG2), followed by flow cytometry analysis.
Cell Lines and Viruses-Human melanoma MeWo cells (provided by Dr. A. M. Arvin, Stanford University), 293T cells (purchased from Riken), Plat-E cells (provided by Dr. T. Kitamura, The University of Tokyo), and human oligodendroglial cell line (OL cells) (provided by Dr. K. Ikuta, Biken) were cultured in DMEM (Nacalai Tesque). All cells were cultured at 37°C in 5% CO 2 in medium supplemented with 10% FCS, 100 units/ml penicillin, 100 g/ml streptomycin, and 50 M 2-mercaptoethanol. The VZV Oka strain and a recombinant Oka strain carrying the GFP reporter gene (GFP-VZV, provided by Dr. A. M. Arvin, Stanford University) were used in the VZV infection analyses (38) . Because GFP is expressed via the CMV promoter in the recombinant VZV, the virus particle itself does not contain GFP. The cell-free virus was prepared from VZV-infected MeWo cells by harvesting cells with 0.25% EDTA (2.5 ml/100-mm dish of infected cells) and resuspending the harvested cells in 0.4 ml of SPGA buffer (pH 8.0) (218 mM sucrose, 3.8 mM KH 2 PO 4 , 4.9 mM sodium glutamate, and 1% bovine serum albumin). The suspended cells were sonicated twice on ice for 15 s with a 1-min interval, followed by centrifugation at 12,000 ϫ g for 5 min at 4°C. The resulting supernatant was passed through a 0.45-m filter and stored at Ϫ80°C. The frozen supernatant was thawed immediately before use as the cellfree virus. The viral titers were determined using MAG-transfected OL cells. MeWo cells, cultured at a density of 2 ϫ 10 5 cells/well in 24-well tissue culture plates, were infected with GFP-VZV in a cell-associated manner and cultured with N-and O-glycosylation inhibitors simultaneously. Culture supernatants were collected after more than 80% of cells showed cytopathic effect. Each supernatant, after the removal of cells and debris, was used as a cell-free virus.
Plasmids-The plasmids encoding human wild-type MAG (WT-MAG), WT-MAG-Ig, VZV gB, gH, gL, and gB-Ig have been described previously (10) . Plasmids for the mutated MAG and MAG-Ig fusion protein, i.e. the mutation of arginine at position 118 to alanine (R118A-MAG and R118A-MAG-Ig, respectively), were engineered using a QuikChange site-directed mutagenesis kit (Agilent Technologies) and a primer pair (sense, 5Ј-GGGAAGTACTACTTCGCTGGGGACCTG-GGCGGC-3Ј; antisense, 5Ј-GCCGCCCAGGTCCCCAGCG-AAGTAGTACTTCCC-3Ј). The gB mutants were cloned by recombinant PCR using the WT-gB plasmid as a template as follows: cloning the upper portion using a primer pair (sense, IO2045 5Ј-aataatGAATTCCACCatgtccccttgtggct-3Ј; antisense, each antisense primer substituting Ser/Thr or Asn with Ala (Figs. 4 and 6); cloning the lower portions using a primer pair (sense, each sense primer substituting Ser/Thr or Asn with Ala (Figs. 4 and 6); antisense IO3230, 5Ј-aataatctcgagttacacccccgttacat-3Ј); and cloning the full-length gB with a mutation using the upper and lower portions as templates with the primer pair IO2045 and IO3230. The mutated gB was inserted into the pCAGGS-MCS vector at the EcoRI and XhoI sites. A plasmid expressing the extracellular domain of gB fused with the glycosylphosphatidylinositol (GPI) anchor of decay-accelerating factor (CD55) was cloned by recombinant PCR as fol-lows: cloning the upper portion using a primer pair (sense, IO2045; antisense, 5Ј-tttggggttgtttcatgaaaCTCGAGcccaaatgggttagataaaa-3Ј) with the WT-gB plasmid as a template; cloning the lower portion using a primer pair (sense, 5Ј-ttttatctaaccca-tttgggCTCGAGtttcatgaaacaaccccaaa-3Ј; antisense, IO3025 5Ј-aataatGTCGACctaagtcagcaagcccatgg-3Ј) with human peripheral blood mononuclear cell cDNA as a template; the upper and lower portions were connected with IO2045 and IO3025. WT-gB-GPI was digested with the restriction enzymes EcoRI and SalI and inserted into the pCAGGS-MCS vector at the EcoRI and XhoI sites. The extracellular domain of gB (N147A, T129A, and S559A) was cloned from the full-length gB (N147A, T129A, and S559A) as described above using a primer pair (sense, IO2045; antisense, aataatCTCGAGaaatgggttagataaaaa). The extracellular domain of WT-gB in WT-gB-GPI inserted into pCAGGS-MCS was replaced by the extracellular domain of gB (N147A, T129A, and S559A) using the restriction enzymes EcoRI and XhoI.
Ig Fusion Protein-The plasmids for Ig fusion proteins were constructed as described above. 293T cells were transfected transiently with expression vectors for Ig fusion proteins, and the culture supernatants were collected. The empty Ig fusion protein containing the signal peptide of mouse signaling lymphocyte activation molecule (SLAM, CD150) and the human IgG1 Fc portion was used as a control (39) .
Transfection-Plasmid DNA (0.8 g in 50 l of Opti-MEM (Life Technologies) mixed with polyethylenimine "Max" (molecular mass, 25,000) (Polysciences) (4 g in 50 l of Opti-MEM) was incubated at room temperature for 20 min. This diluent was transfected into 293T cells at a density of 2 ϫ 10 5 cells/well in 24-well tissue culture plates. Stable transfectants that expressed human MAG or R118A-MAG were generated with a retroviral transfection system using pMxs-puro retroviral vector Plat-E packaging cells and puromycin (1 g/ml, Nacalai Tesque), as described previously (40, 41) .
Immunoprecipitation and Immunoblotting-Infected melanoma cells were disrupted in lysis buffer (20 mM Tris, 150 mM NaCl (pH 7.5)) containing 1% Brij 98 (Sigma), and the lysates were immunoprecipitated with human WT-MAG-Ig, R118A-MAG-Ig, or control Ig and protein A-Sepharose beads (GE Healthcare). The 293T transfectants were lysed in buffer (1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor mixture (Sigma), 2 mM EDTA, 10 mM Tris, and 150 mM NaCl (pH 7.5)). After treatment with or without sialidase, the immunoprecipitates of melanoma cells, total lysates of melanoma cells, and lysates of 293T transfectants were eluted by boiling in non-reducing SDS-PAGE sample buffer and separated on 5-20% polyacrylamide gels (ATTO). The proteins were transferred onto PVDF membranes (Millipore) and blotted with anti-gB mAb (SG2) and HRP-conjugated anti-mouse antibody (Thermo). The blotted membrane was incubated with a stripping buffer (101 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl (pH 6.7)) at 50°C for 30 min and then reblotted with anti-human-Fc antibody (GE Healthcare). Each membrane was analyzed with LAS1000 and Imagegauge software (Millipore) or ChemiDoc Touch and Image Lab software (Bio-Rad).
Flow Cytometry Analysis-Cells were incubated with Ig fusion proteins or primary mAbs, followed by staining with allophycocyanin-conjugated anti-human IgG or anti-mouse IgG Ab (Jackson ImmunoResearch Laboratories) before analysis with a flow cytometer (FACSCalibur, BD Biosciences). MAG, R118A-MAG, gB, gB mutants, or mock were transfected with GFP into 293T cells. GFP ϩ cells were analyzed as transfected cells using CellQuest Pro (BD Biosciences). In the analysis of VZV binding, cells were incubated with cell-free VZV (Oka strain) suspension for 30 min on ice, followed by washing and staining with anti-gB mAb and allophycocyanin-conjugated anti-mouse IgG antibody.
Viral Infection-Cell-free VZV infection was analyzed by mixing 2 ϫ 10 4 cells with various amounts of cell-free VZV in 96-well tissue culture plates. The plates were centrifuged at 2500 rpm for 2 h at 32°C, followed by 24-h culture. The cells were analyzed by flow cytometry or by fluorescence microscopy (Carl Zeiss). Photographs were obtained using a D3 digital camera (Nikon), and the images were then processed using Canvas software (ACD Systems). GFP ϩ cells were detected as infected cells.
Cell-Cell Fusion Assay-Plasmids coding VZV-gB, VZV-gH, and VZV-gL as well as a plasmid encoding T7 RNA polymerase (pCAGT7) were cotransfected into 293T cells, and the transfectants were used as effector cells. A plasmid coding WT-MAG, R118A-MAG, or mock as well as a plasmid carrying the firefly luciferase gene under the control of the T7 promoter (pT7EMCLuc) was cotransfected into 293T cells, and the transfectants were used as target cells (42) . As an internal control, the Renilla luciferase gene driven by the SV40 promoter (pRL-SV40, Promega) was also cotransfected into the effector cells or target cells. 24 h after transfection, the effector cells (4 ϫ 10 4 cells) were cocultured with target cells (4 ϫ 10 4 cells) in 96-well tissue culture plates for 18 h, and the efficiency of cell-cell fusion was quantified using a Dual-Luciferase reporter assay system (Promega) and luminometer (TriStar LB941, Berthold), as reported previously (10, 42) . Relative firefly luciferase activity was calculated as follows: (firefly luciferase activity / Renilla luciferase activity) ϫ 100) / maximum (firefly luciferase activity / Renilla luciferase activity). The cells were transfected with VZV glycoproteins and cultured with medium containing a combination of tunicamycin, DNJ, or benzyl-␣-GalNac. Thereafter, VZV glycoproteins-transfected effector cells were cocultured with 293T target cells transfected with MAG in the presence of respective inhibitors. In the other assay, effector cells transfected with VZV glycoproteins were treated with sialidase for 30 min before coculture with target cells. Thereafter, effector cells were cocultured with target cells in the presence of sialidase. Significant differences between the results were determined using Student's t test or one-way analysis of variance (each significant p value is shown in the figures), where p Ͻ 0.05 was considered significant.
Metabolic Labeling-293T cells transfected with WT-gB, mutant gBs, or mock were cultured in DMEM containing 50 M N-azidoacetylmannosamine (ManNAz) (Life Technologies) for 48 h. The cells were collected and incubated with PBS containing 1% FCS and phosphine conjugated with biotin (250 M) (Cayman) at room temperature for 1 h. The cells were stained with streptavidin conjugated with allophycocyanin and subjected to flow cytometry analysis.
Results
SAs on gB Are Required to Interact with MAG-To analyze the role of SAs in the interaction between VZV gB and MAG, we first determined whether gB contains SAs in VZV-infected and gB-transfected cells. The cell lysates of VZV-infected and gB-transfected cells were treated with sialidase or mock, and the molecular weight of gB was determined by SDS-PAGE. We found two forms of gB with different apparent molecular weights in VZV-infected cells using anti-gB mAb (Fig. 1A) . This result was consistent with a previous study where the immunoprecipitant obtained from the lysate of VZV-infected cells with anti-gB mAb contained 140-and 124-kDa gB molecules (29) . The molecular weight of the 140-kDa gB treated with sialidase was significantly lower than that of the mock-treated gB (Fig.  1A) . The 124-kDa band also shifted to a molecular mass lower than 100 kDa. These data suggest that both forms of gB are sialylated. At least, these results also suggest that the gB in VZV-infected and gB-transfected cells was sialylated. Next we used flow cytometry to examine whether the SAs on gB are required for the association with MAG. The MAG-Ig fusion protein that comprised the MAG extracellular domain and the Fc fragment of human immunoglobulin bound to the gB-transfectants, as reported previously (Fig. 1B, top panel) (10) . MAG-Ig binding to the gB transfectants was decreased by sialidase treatment. On the other hand, MAG-Ig bound to the mock-transfected cells weakly. The binding was also decreased by sialidase treatment. The analysis using anti-gB mAb demonstrated that the cell surface expression level of gB was not changed by sialidase treatment (Fig. 1B, bottom panel) . These results suggest that SAs are required for gB to associate with MAG and that gB possesses certain sialylated glycan structures that are preferentially recognized by MAG compared with other molecules on 293T cells.
We then examined whether sialylated gB is involved in VZV entry into MAG-expressing cells. MAG-transfected oligodendrocytes (OL cells) were exposed to cell-free recombinant VZV carrying the GFP reporter gene (GFP-VZV). GFP-VZV virions were treated with sialidase or mock-treated before infection. The proportion of VZV-infected cells among the MAG-transfectants decreased by 50% after sialidase treatment compared with mock treatment (Fig. 1C ). Indeed, virion binding to MAGexpressing cells was also decreased by treatment with sialidase ( Fig. 1D) . Therefore, the SAs in VZV appear to be involved in viral binding and entry. However, the treatment of virions, even mock treatment, for more than 15 min resulted in no infectivity (data not shown). Therefore, we treated VZV virions just with sialidase for 10 min. Sialidase treatment of VZV virions significantly inhibited VZV infection compared with mock treatment, although the inhibition was incomplete. MAG-Ig binding to gB-transfected cells was not decreased completely with sialidase treatment for 10 min, although MAG-Ig binding to gB-expressing cells was almost completely decreased after sialidase treatment for 30 min (Fig. 1E) . Therefore, the incomplete inhibition of VZV infection by sidalidase treatment for 10 min seems to be due to the insufficient removal of SAs from VZV. . Cell lysates were analyzed by non-reducing SDS-PAGE after treatment with (ϩ) or without sialidase (Ϫ). Proteins were blotted with anti-gB mAb. B, mock-or gB-transfected 293T cells were treated with sialidase (bold line) or vehicle (thin line) and stained with MAG-Ig or anti-gB mAb, followed by flow cytometry analysis. Cells were stained with secondary antibody only (gray area). C, OL cells stably transfected with WT-MAG were exposed to GFP-VZV at a multiplicity of infection of 0.2 for 24 h. Fold-changes in the infection rate are shown. Fold-changes in the infection rate were calculated by dividing the percentage of GFP ϩ cells in each indicated treatment by the percentage of GFP ϩ cells infected with mock-treated VZV (%GFP ϩ cells among the total cells exposed to mock-or sialidase-treated VZV/ %GFP ϩ cells among the total cells exposed to mock-treated VZV). Representative data from three independent experiments are shown. The error bars represent the mean Ϯ S.D. on the basis of triplicate samples, and the p values were calculated using Student's t test. D, 293T cells transfected with MAG and mock-transfected were incubated with VZV virions after mock treatment (thin lines) or treatment with sialidase for 30 min (bold lines), respectively, followed by staining with anti-gB mAb and secondary antibody. Cells were also stained with antibodies only (gray area). E, 293T cells transfected with gB were stained with MAG-Ig after treatment with sialidase for 0 (gray area), 10 (thin line), and 30 min (bold line). Cells were also stained with secondary antibodies only (dotted line). F, 293T effector cells transfected with gH, gL, T7 polymerase, and Renilla luciferase as an internal control as well as gB (gBgHgL) or mock-transfected (gHgL) were cocultured with other 293T target cells transfected with WT-MAG and firefly luciferase driven by the T7 polymerase promoter. gB-transfected cells were treated with sialidase or mock-treated. The relative fusion efficiencies are shown on the basis of representative data from three independent experiments. The error bars represent the mean Ϯ S.D. on the basis of triplicate samples, and p values were calculated using Student's t test.
Therefore, we also examined the involvement of SAs in membrane fusion using a cell-cell fusion assay. 293T cells were transfected with gB, gH, and gL and then treated with sialidase for 30 min before coculture. Thereafter, the sialidase-treated effector cells were cocultured with 293T target cells transfected with MAG in the presence of sialidase. Cell-cell fusion was significantly but incompletely inhibited by sialidase (Fig. 1F) . These observations suggested that the SAs appeared to be involved in cell-cell fusion. In addition, newly synthesized and sialylated gB on effector cells might have mediated weak cellcell fusion, even in the presence of sialidase, although there is a possibility that sialidase activity was not enough to remove SAs completely.
Arg-118 in MAG Plays an Important Role in the Association with gB-Furthermore, we employed an alternative approach to determine whether the SAs on VZV are involved in the infection process. Siglecs possess a conserved Arg residue that is essential for the recognition of SAs. Indeed, Arg-118 is known to be essential for MAG to associate with SA-containing molecules (11) . To investigate whether Arg-118 is involved in the interaction between MAG and gB, we generated a mutated MAG-Ig fusion protein by mutating Arg-118 to Ala (R118A-MAG-Ig). As shown in Fig. 2A , gB-transfected 293T cells were stained strongly with wild-type MAG-Ig (WT-MAG-Ig) but not with R118A-MAG-Ig or control Ig. Furthermore, when the cell lysates of melanoma cells infected with VZV were immunoprecipitated with WT-and R118A-MAG-Ig fusion proteins, gB was precipitated with WT-MAG-Ig but not with R118A-MAG-Ig (Fig. 2B) . By contrast, 293T cells transfected with WT-MAG were stained with gB-Ig, but 293T cells transfected with R118A-MAG were not stained with gB-Ig (Fig. 2C ). R118A-MAG transfectants also showed less binding to VZV virions than WT-MAG transfectants (Fig. 2D) . These results suggest that Arg-118 in MAG is essential for the association between MAG and VZV.
Arg-118 in MAG Is Required for MAG-mediated Cell-Cell Fusion and VZV Entry-Membrane fusion is necessary for VZV entry into host cells, and the interaction between MAG and gB mediates membrane fusion during VZV infection (10) . Using a cell-cell fusion assay, we analyzed whether the SA-dependent recognition of gB by MAG is involved in membrane fusion. The WT-MAG-transfected cells exhibited efficient cell-cell fusion with cells transfected with VZV envelope glycoproteins (gB, gH, and gL), whereas R118A-MAG-transfected and mocktransfected cells exhibited little fusion (Fig. 3A) .
Next, we examined whether MAG recognition of sialylated gB is involved in VZV infection of MAG-expressing cells. WT-MAG-, R118A-MAG-, or mock-transfected oligodendrocytes were exposed to GFP-VZV. As shown in Fig. 3B , the expression levels of R118A-MAG on cell surfaces were comparable with that of WT-MAG when they were analyzed using an anti-MAG monoclonal antibody. As expected, both the R118A-MAG transfectants and mock transfectants were resistant to GFP-VZV, whereas the WT-MAG transfectants were infected efficiently with GFP-VZV when the GFP expression levels in the infected cells were analyzed by fluorescence microscopy (Fig.  3C) . Similar results were obtained by flow cytometry. The proportions of infected cells among WT-MAG-transfected cells increased in a virus dose-dependent manner but not those among R118A-MAG-transfected cells or mock-transfected cells (Fig. 3D) . These results suggest that MAG recognition of SA on gB is required for membrane fusion during VZV infection of MAG-expressing cells.
Both N-and O-glycosylation of gB Are Required for the Association of gB with MAG and Cell-Cell Fusion-It is known that SAs typically exist at the termini of N-or O-linked glycans or glycosphingolipids in mammalian cells (43) . We predicted the N-or O-glycosylation sites on VZV gB using the NetNGlyc 1.0 server and NetOGlyc 4.0 server. The extracellular domain of gB was predicted to have seven N-glycosylation sites and 17 O-gly- AUGUST 7, 2015 • VOLUME 290 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 19837 cosylation sites (Fig. 4A ). gB-transfected 293T cells were treated with inhibitors of N-glycan synthesis, tunicamycin and DNJ, or an inhibitor of O-glycan synthesis, benzyl-␣-GalNac. The gB-transfectants treated with tunicamycin and DNJ associated less efficiently with WT-MAG-Ig compared with mocktreated cells (Fig. 4B) . Treatment with benzyl-␣-GalNac also decreased the binding of WT-MAG-Ig to gB-transfected cells (Fig. 4B ). WT-MAG-Ig also exhibited a lower affinity for mock transfectants after treatment with benzyl-␣-GalNac than after mock treatment. These results suggest that WT-MAG-Ig recognizes not only sialylated N-glycans on gB but also sialylated O-glycans on certain molecules, including gB. In addition, benzyl-␣-GalNac also seems to affect glycan structures on certain MAG-binding molecules of 293T cells. Using a cell-cell fusion assay, we then analyzed whether SAs on the N-and O-glycans of gB-transfected cells were involved in membrane fusion with MAG-expressing cells. 293T effector Cells transfected with VZV glycoproteins or mock-transfected were incubated with a medium that contained combination of tunicamycin, DNJ, benzyl-␣-GalNac, or mock before subsequent coculture with MAG-expressing cells. Thereafter, effector cells were cocultured with target cells in the presence of inhibitors. The treatment with tunicamycin, DNJ, or benzyl-␣-GalNac decreased fusion efficiency compared with mock treatment (Fig. 4C) . Furthermore, culture with medium containing N-glycosylation inhibitors along with benzyl-␣-GalNac showed lower fusion efficiencies than culture with medium containing N-glycosylation inhibitors or O-glycosylation inhibitor (Fig. 4C) . VZV produced by cells cultured in the presence of N-glycosylation and/or O-glycosylation inhibitors showed a lower infectivity to MAG-expressing cells than VZV produced by cells cultured in the absence of these inhibitors (Fig. 4D) . The infectivity of VZV derived from cells incubated with either of the two N-glycosylation inhibitors along with benzyl-␣-GalNac was not significantly different from the infectivity of VZV derived from cells treated with either of these inhibitors (Fig. 4D) . These results suggest that SAs capping N-and O-glycans of gB are involved in cell-cell fusion and VZV infection mediated by MAG.
VZV-induced Fusion via Sialic Acid on N-and O-glycans of gB
Mutation of Putative O-glycosylation Sites on gB Does Not Significantly Affects Cell-Cell Fusion-It is important to identify specific amino acid residues or domains of envelope glycoproteins that contribute to membrane fusion to elucidate the mechanism of viral entry. We investigated which of the seven N-glycosylation sites or 17 O-glycosylation sites are required for cell-cell fusion with cells that express MAG. We generated gBs where Asn residue or Ser/Thr residues were substituted with Ala at each putative N-glycosylated or O-glycosylated site.
As shown in Fig. 5 , cells that expressed gBs with mutations of putative O-glycosylation sites exhibited comparable fusion efficiency as WT-gB-expressing cells. We performed cell-cell fusion assays using gBs where other Ser/Thr residues were substituted with Ala. We thought that the SAs on O-glycans might be involved in the recognition of gB by MAG in the same way that SAs on the O-glycans of HSV gB are required for PILR␣ to bind to HSV gB (26, 44) . We selected Ser/Thr residues in gB that were predicted to have enhancement value product values of Ͼ2.00 using the ISOGlyP server. However, the fusion efficiency of each mutated gB-transfected cell type was not decreased significantly compared with that of the WT-gBtransfected cells, except for cell types transfected with mutants of Thr-129, Thr-265, and Ser-559 (Fig. 6A) . The cell surface expression of gBs where Thr-129 or Ser-559 was substituted with Ala (T129A-gB or S559A-gB) was impaired severely (Fig.  6B) . We expressed T129A-gB, S559A-gB, and WT-gB as GPIanchored forms (T129A-gB-GPI, S559A-gB-GPI, and WT-gB-GPI) to express them equally on the cell surface. The expression levels of T129A-gB-GPI and S559A-gB-GPI were comparable with the expression level of WT-gB-GPI, and the interaction between MAG-Ig and S559A-gB-GPI was similar to the interaction with WT-gB-GPI (Fig. 6B ). T265A-gB was expressed on the transfected cell surface as well as WT-gB. MAG-Ig binding to T265A-gB-transfectants was also as efficient as MAG-Ig binding to WT-gB-transfectants (Fig. 6B) . Therefore, Thr-129, Thr-265, and Ser-559 did not appear to be involved in cell-cell fusion mediated by binding to MAG. Overall, none of the O-glycosylation site-mutated gBs exhibited significantly decreased fusion efficiencies compared with WT-gB.
Asn-557 and Asn-686 in gB Are Involved in Cell-Cell Fusion Mediated by the Association with MAG-Among Cells that expressed gB with mutations in putative N-glycosylation sites, the binding efficiencies to MAG-Ig of cells that expressed gB with a mutation in Asn-147, Asn-557, or Asn-686 (N147A-gB, N557A-gB, or N686A-gB) were lower than that of WT-gB (Fig.  7A, top panel) . However, the binding of anti-gB mAb to N147A-gB also decreased (Fig. 7A, bottom panel) . When we generated the GPI-anchored form of N147A-gB, the expression level of N147A-gB-GPI was comparable with that of WT-gB-GPI and the binding of MAG-Ig to N147A-gB-GPI was similar AUGUST 7, 2015 • VOLUME 290 • NUMBER 32 to the binding to WT-gB-GPI (Fig. 7B ). Cells that expressed gB with mutations in putative N-glycosylation sites, Asn-147, Asn-557, or Asn-686 (N147A-gB, N557A-gB, or N686A-gB), exhibited reduced cell-cell fusion with MAG-expressing cells compared with cells that expressed WT-gB ( Fig. 7C) . Therefore, the decreased fusion efficiency caused by the mutation of Asn-147 appeared to be attributable to the decreased surface expression of mutant gB (Fig. 7A ). On the other hand, Asn-686 might additionally contribute to cell-cell fusion because N686A-gB significantly but slightly decreased fusion efficiency. Therefore, Asn-557 in gB mainly appears to be the key N-glycosylation site involved in membrane fusion with MAG-expressing cells.
Asn-557 and Asn-686 Are Involved in gB Sialylation-To confirm whether Asn-557 and Asn-686 are sialylated, 293T cells transfected with WT-gB, N557A-gB, N686A-gB, and mock transfectants were labeled with ManNAz (Fig. 8, A and  B) . Using this labeling method, 5-40% of the total SAs in gly-coproteins and glycolipids were labeled with ManNAz, which was detected by biotin-labeled phosphine (45, 46) . In this analysis, the overexpression of gB in 293T cells significantly increased SAs on the cell surface compared with mock transfectants. Expression levels of N557A-gB and N686A-gB on the cell surface were almost the same as that of WT-gB (data not shown). The cell surfaces of the N557A-gB-and N686A-gBtransfected cells were weakly labeled with ManNAz compared with WT-gB, although it was labeled more than the tunicamycin-treated WT-gB transfectants. The cell surfaces of N686A-gB-transfected cells were significantly but weakly labeled with ManNAz compared with WT-gB-transfected cells. These results suggest that both N557 and N686 are involved in sialylation of gB.
Discussion
It has been suggested that the SAs of envelope proteins are involved in VZV infection, although the mechanism has remained unclear (31, 32) . Sialylation of gB, the gE-gI complex, and the gH-gL complex have been reported previously (27) (28) (29) (30) (31) (32) . In a previous study, we also demonstrated that MAG associates with gB and gE but not with the gH-gL complex (10) . It has been suggested that gE is essential for VZV survival (27) but that gE and gI are not involved in MAG-mediated cell-cell fusion (10) . Therefore, we investigated whether the SAs on gB are involved in membrane fusion during VZV infection of MAG-expressing cells. In addition, MAG has been reported to bind ligands in an SA-dependent or SA-independent manner (22, 23) . In this study, we demonstrated that the SAs on VZV gB are required for the interaction between gB and MAG. In addition, we observed that WT-MAG-Ig immunoprecipitated 140-kDa gB more efficiently than 124-kDa gB from VZV-infected cells. It has been reported that 140-kDa gB is the sialylated form of 124-kDa sulfated gB (29) . These suggest that WT-MAG tends to recognize sialylated gB more strongly than unsialylated gB. Without sialidase treatment, VZV also lost its infectivity as time , followed by flow cytometry analysis. C, WT-gB or mutated gB in which putative N-glycosylation sites were mutated was cotransfected into 293T effector cells with gH and gL. The effector cells were cocultured with other 293T target cells transfected with MAG, followed by luminescence measurements. The relative fusion efficiencies are shown on the basis of representative data from three independent experiments. The error bars represent the mean Ϯ S.D. on the basis of six replicate samples. Statistical differences were determined using Student's t test. Each mutated gB without a p value did not differ significantly compared with wild-type gB (WT). p Ͻ 0.05 was considered significant. passed, but the infectivity of VZV treated with sialidase was lower than that of untreated VZV. In addition, sialidase treatment abrogated cell-cell fusion incompletely probably because newly synthesized and sialylated gB on effector cells might mediate weak fusion.
To determine whether SAs are involved in VZV infection, we employed a MAG mutant where Arg-118 was substituted with Ala. R118A-MAG did not mediate membrane fusion with VZV envelope glycoproteins. Although R118A-MAG was expressed on the cell surface as well as WT-MAG, there is a possibility that substitution of Arg-118 with Ala caused a conformational change in MAG and affected cell-cell fusion. Because the structure of MAG has not been reported, we do not know whether Arg-118 affects the conformation of MAG. However, Arg-118, which forms an important salt bridge with the negatively charged carboxyl group of SA, is conserved among other Siglec family molecules. The structures of other Siglec family molecules suggest that Arg-118 in MAG is directly involved in binding to SAs (11, 12, (47) (48) (49) (50) (51) (52) (53) (54) . Therefore, mutation in Arg-118 in MAG seems to have affected the association with SAs rather than the conformation of MAG. PILR␣, which has a structure similar to the structures of Siglec family molecules ,recognizes both the sialylated sugar chain and polypeptides (44) . Therefore, there is a possibility that MAG also recognizes both sialylated sugar chains and polypeptides, although the binding of MAG to fibronectin and gangliosides such as GD1a and GT1b was blocked by SA-containing glycans (19 -21) .
Previously, it has been reported that MAG binds to both N-glycans and O-glycans in an SA-dependent manner. Some studies have shown that MAG binds to O-glycans more strongly than N-glycans (55) , whereas other studies have demonstrated that MAG has a higher affinity for N-glycans than O-glycans (56, 57) . In addition, fibronectin, which possesses more N-glycans than O-glycans, is suggested to be one of the MAG ligands that binds in an SA-dependent manner (19) . Similarly, MAG binds to gB with seven putative N-glycosylation sites and 17 putative O-glycosylation sites in the extracellular domain. The treatment of gB-transfected cells with tunicamycin, DNJ, or benzyl-␣-GalNAc decreased the binding of MAG-Ig to the gB-transfected cells. The fusion efficiency of cells treated with tunicamycin, DNJ, or benzyl-␣-GalNac was higher than that of cells treated with sialidase. Furthermore, Nand O-glycosylation inhibitors additively inhibited cell-cell fusion. These results suggest that both the N-and O-glycans on gB are involved in cell-cell fusion. Anti-gB mAb (151) inhibits VZV infection, but this mAb failed to precipitate gB from tunicamycin-treated VZV-infected cells (29) , thereby supporting the hypothesis that the N-glycans on gB are required for VZV infection. In this study, VZV infection was blocked by N-or O-glycosylation inhibitors, although there is a possibility that not only gB but also other essential molecules of VZV might be modified by these inhibitors, resulting in the impairment of VZV replication or survival.
In fact, we demonstrated that two of seven putative N-glycosylation sites (Asn-557 and Asn-686) are sialylated and that they are involved in binding to gB, thereby mediating significant cell-cell fusion. Weak labeling of the cell surface of N686A-gB-transfected cells by ManNAz might result in a trivial decrease of cell-cell fusion by N686A-gB-transfected cells. The mutation of a single glycosylation site, Asn-557, on gB decreased the amount of SAs compared with WT gB on the cell surface. This suggests that more sialylated N-glycans are attached on Asn-557 than other glycosylation sites, including Asn-686. N-glycans differ in branch number, composition, length, capping arrangements, and core modifications, resulting in the generation of N-glycans possessing a various number of SAs (58) . Indeed, glycoproteins often have a range of different N-glycans on a particular N-glycosylation site (58, 59) . Different sites in a molecule have different subsets of N-glycans with different numbers of SAs (58, 60, 61) . Therefore, the amount of SAs on each gB glycosylation site might be different, and Asn-557 of gB seems to be the major glycosylation site for sialylated N-glycans.
On the other hand, although expression levels of N557A-gB and N686A-gB on the cell surface were almost the same as that of WT-gB, there is a possibility that the substitution of Asn-557 and Asn-686 with Ala might have caused a conformational change in gB, resulting in loss of cell-cell fusion. Indeed, T265A-gB lost fusion function, although the expression on the cell surface and binding to MAG-Ig were not impaired. Thr-265 is localized in a gB fusion loop that is essential for membrane fusion (62) . In addition, Asn-557 and Asn-686 are localized in domain III and domain V of gB, respectively, although their functions are unclear (62) . Therefore, there is a possibility that the conformational changes of gB might be caused by point mutations, N557A and N686A as well as T265A, and influence fusion function.
On the other hand, the predicted O-glycosylation sites were not accurate compared with the predicted N-glycosylation sites because many enzymes are involved in O-glycan synthesis, whereas a single oligosaccharyltransferase enzyme transfers an oligosaccharide to the target protein during N-glycan generation (63, 64) . The fusion efficiencies of cells transfected with gB that possessed mutations in each putative O-glycosylation site were not specifically decreased compared with the fusion efficiency of cells transfected with WT-gB. However, O-glycosylation of gB appears to be necessary for cell-cell fusion because the treatment with benzyl-␣-GalNAc significantly impaired cell-cell fusion. It is possible that there are other O-glycosylated Ser/Thr residues or that O-glycans generated on multiple O-glycosylation sites might be synchronously involved in cell-cell fusion.
Cell-cell fusion assays are powerful tools for the direct examination of the molecules essential for membrane fusion during viral entry because it is not necessary to consider the effects of other viral components. The cell-cell fusion assay using VZV gB, gH, gL, and MAG is the only system available for analyzing the mechanism of VZV membrane fusion. In this study, we investigated the involvement of SAs in membrane fusion during VZV entry using cell-cell fusion assays. This system is useful for investigating the roles of SAs but also other molecular modifications of the virus and host during VZV infection. Our study provides novel insights into the molecular mechanisms involved in membrane fusion during VZV infection.
